ABSTRACT
INTRODUCTION
The fission yeast Schizosaccharomyces pombeis becoming increasingly popular as a genetically amenable model system for the study of multiple cellular processes (10) , and this popularity will likely increase with the sequencing of its entire genome. As the sequencing project progresses, new open reading frames (ORFs) are constantly being released into the databases. With this plethora of new information comes the task of understanding the function of proteins encoded by these newly uncovered ORFs. Thus, the development of methodologies and reagents for studying the functions of these gene products must advance at a similarly rapid pace.
It is now a routine to begin the functional analysis of a newly identified gene in yeast by directly disrupting that gene using the one-step gene transplacement method (11) . In this method, a selectable marker is inserted within the coding region of the cloned gene, and homologous recombination is then used to replace the genomic copy of the gene with the disrupted allele. In S. pombe , there are four selectable markers, ade6 + , leu1 + , ura4 + and his7 + , that are commonly used (2, 9, 12) ; albeit, the number of useful markers is rapidly increasing. In addition, the URA3and LEU2genes from Saccharomyces cerevisiae are also used since they can complement S. pombe ura4 -and leu1 -mutants, respectively (9, 12) ; however, the URA3gene is expressed very poorly in fission yeast and does not rescue a ura4 -mutation when it is present in single copy (9, 12) . Of the selectable markers available, ura4 + and leu1 + or their counterparts ( URA3and LEU2 , respectively) from budding yeast, are typically found on episomal (4,9,12) or integrating (6) plasmid vectors as well as in genomic libraries (4,9,12) used for cloning by complementation. Thus, one can envision that when multiple gene disruptions are required within a given yeast strain and/or multiple plasmids are also needed in a strain, the number of available selectable markers can become limiting. Thus, it would be advantageous to remove the selectable marker from a disrupted gene so that the same marker could be used for additional disruptions or for the introduction of another genetic element such as an autonomously replicating plasmid.
Alani et al. (1) first reported the use of a disruption cassette that could be used repeatedly in the same strain of S. cerevisiae , and several recent articles have detailed new techniques or vectors for recycling or replacing selectable markers in S. cerevisiae (14, 15, 19) . A similar technology has also been adapted to Candida albicans for performing gene disruptions and recycling the selectable marker (5) . In fission yeast, the recycling of selectable markers has not been commonly used because of the lack of disruption cassettes that contain selectable markers derived from S. pombe . To adapt this useful methodology to fission yeast, we describe the construction of the hisG-ura4 + -hisGcassette that can be used repeatedly for constructing multiple gene disruptions in a sequential manner in S. pombe . We demonstrate the utility of this cassette by generating a deletion allele of leu1 .
MATERIALS AND METHODS

Strains and Media
Gene disruptions were performed in the S. pombestrain
) was used for the construction and propagation of plasmids. S. pombe strains were grown at 30°C in YEC medium (0.5% yeast extract, 0.2% casamino acids and 3% glucose) supplemented with 250 µ g/mL of uracil and adenine (6) , and synthetic complete (SC) medium containing 3% glucose (16) and lacking the appropriate auxotrophic supplements for marker selection. For preparing plates, the media were solidified by adding 2% agar. Medium containing 5-fluoro-orotic acid (5-FOA) was prepared as previously described (17) . E. coli cells were grown in LB broth or LB agar (13) and supplemented with ampicillin at 100 µ g/mL for plasmid selection.
Plasmid Constructions
Standard recombinant DNA techniques (including DNA restriction digests, ligations and bacterial transformations) were done according to Sambrook et al. (13) . The starting plasmid for the construction of the hisG- ura4 + -hisGcassette was pSP72-hisG (a gift from Greg Marcus, Massachusetts Institute of Technology), which contains the 3.8-kb BamHI-Bgl II fragment of the hisG-URA3-hisGcassette from pNKY51 (1) ligated into the same restriction sites of the vector pSP72 (Promega, Madison, WI, USA). The Hin dIII site within the polylinker of pSP72-hisG was destroyed by digesting with Xba I-Xho I, blunting with Klenow and re-ligating. The plasmid was subsequently digested with Nhe I, the ends blunted with Klenow and a Hin dIII synthetic linker added, which regenerated the Nhe I site. Finally, the plasmid was digested with Hin dIII to remove the URA3gene, and the 1.8-kb Hin dIII fragment containing the ura4 + gene from pUC8-ura4(Reference 3; a gift from Charles Hoffman, Boston College) was inserted to generate the plasmid pDM291 containing the hisGura4 + -hisGcassette ( Figure 1A ). The plasmid containing the l eu1 ∆ 1::hisGura4 + -hisG deletion/disruption allele was constructed in multiple steps. First, the Hin dIII site in the polylinker of pBluescript ® SK(-) (Stratagene, La Jolla, CA, USA) was destroyed by fill-in and ligation. The plasmid was then digested with Cla I and the 2.1-kb Cla I fragment encompassing the leu1 + gene from the plasmid pYK311 (Reference 7; a gift from Fred Winston, Harvard Medical School) was ligated into the vector to generate pDM300. The plasmid pDM300 was digested with Hin d -III and Nde I, the cohesive ends blunted with T4 DNA polymerase and a Bgl II synthetic linker added. The plasmid was subsequently digested with Bgl II, and the 4.3-kb BamHI-Bgl II fragment containing the hisG-ura4 + -hisG cassette from pDM291 ( Figure 1B) was inserted into the Bgl II site to generate the disruption plasmid pDM302. The orientations of all inserts were verified by restriction enzyme digestions.
Yeast Transformation and the Frequency of ura4 + Loss
For the disruption of leu1 + , the plasmid pDM302 was digested with Xho I, and the 5.2-kb fragment containing leu1 ∆ 1::hisG-ura4 + -hisG ( Figure 2 ) was resolved by agarose gel electrophoresis and purified with Elu-Quik ® (Schleicher & Schuell, Keene, NH, USA) according to the manufacturer's protocol. For transformation, yeast strains were grown overnight at 30°C in YEC medium, and the transformations were performed using the modified lithium acetate protocol (6) . Approximately 1 µ g of purified DNA was used per transformation, and the strains were spread on SC-Ura medium and incubated at 30°C for 5 days. To determine the frequency with which ura4 + is excised by recombination between the directly repeated hisGsequences, five independent transformants with the disruption cassette in the correct position were streaked to YEC medium, and two single-colony isolates from each of the five transformants were diluted into water. Duplicate sets of serial dilutions were subsequently prepared for each isolate and spread on SC medium to obtain a total viable cell count and on 5-FOA medium to determine the number of 5-FOA-resistant colonies that formed.
Genomic DNA Preparations and Southern Blot Analysis
For preparation of S. pombe genomic DNA, cells were grown to saturation in SC-Ura or YEC medium at 30°C. Genomic DNA was isolated for Southern blot analysis using the glass beadphenol protocol as described (8) . The DNA was digested with the appropriate restriction enzymes, resolved by electrophoresis on 0.7% agarose gels, and transferred to GeneScreen Plus ® membranes (NEN Life Science Products, Boston, MA, USA) as described (13) . leu1 + from pDM300, and the Nhe IBamHI fragment of pSP72-hisG containing a single copy of the hisGrepeat. The probes were radioactively labeled with [ α -32 P]dCTP (6000 Ci/mmol; Amersham, Arlington Heights, IL, USA) using the Random Primed DNA Labeling Kit (Boehringer Mannheim, Indianapolis, IN, USA) according to the manufacturer's instructions. To strip the radioactive probes for rehybridization, the membranes were boiled in 0.1 ×standard saline citrate (SSC), 1% sodium dodecyl sulfate (SDS) for 30 min.
RESULTS AND DISCUSSION
Alani et al. (1) first reported on the use of the hisG-URA3-hisGcassette for repeatedly disrupting genes in the same S. cerevisiaestrain. Unfortunately, the inability of a single copy of URA3to fully complement a ura4 -mutation in S. pombe (9, 12) prohibits the use of this cassette in fission yeast. To adapt this useful methodology of gene disruption to S. pombe , we have constructed a hisG-ura4 + -hisGcassette ( Figure 1B ) and tested its properties by creating a deletion/disruption allele of leu1 .
The leu1 ∆ 1::hisG-ura4 + -hisG disruption cassette (Figure 2A ) was constructed as described in Materials and Methods, introduced into strain JFP40, and Ura + transformants were selected on SC-Ura. Efficiencies of 100-300 Ura + transformants per µ g of DNA were obtained. To determine the frequency at which the Ura + transformants concomitantly displayed a Leuphenotype, randomly selected transformants were streaked on SC-Ura and SC-Ura-Leu media. Of the 45 transformants tested, 21 displayed a Leu -phenotype, suggesting that the disruption allele had targeted correctly in 47% of the transformants. The 24 transformants that displayed a Ura + ,Leu + phenotype were not characterized further; therefore, they may have represented either nonhomologous integration events or unstable transformants.
To verify that the physical structures of the Ura + , Leu -transformants were consistent with the predicted gene disruption event ( Figure 2C ), Southern blot analysis was performed. Chromosomal DNA derived from five independent Ura + , Leu -transformants and the parental strain JFP40 was digested with Xba I -Nhe I -Pvu II, the DNA fragments resolved by agarose gel electrophoresis and transferred to nylon membrane. Probing the Southern blot of JFP40 chromosomal DNA with a leu1 + probe revealed the expected 2.2-kb band ( Figure 3A, lane 1 consistent with a simple replacement at leu1 + with the leu1 ∆ 1::hisG-ura4 + -hisGcassette ( Figure 2C ), namely two bands of 3.6 and 2.0 kb in size ( Figure  3A, lanes 2-6) . Note that the less intense signal from the 3.6-kb band relative to the 2.0-kb band in Figure 3A is due to the fact that the radiolabeled leu1 + -specific probe contains only 402 bp of sequence capable of hybridizing to the 3.6-kb fragment vs. 733 bp of the probe that can hybridize to the 2.0-kb band. To confirm the presence of the hisGsequences at this genomic locus, the leu1 + probe was removed and the membrane rehybridized with a hisG probe ( Figure 3B ). As expected, the 2.2-kb band derived from leu1 + in the parental strain JFP40 was absent (Figure 3B, lane 1) , whereas the 3.6-and 2.0-kb bands in the disruptants were present ( Figure 3B, lanes 2-6) . A faintly visible band was observed at the 3.6-kb position in the wild-type strain, JFP40, (Figure 3, A and B, lanes 1) ; however, this band was presumably present because of nonspecific crosshybridization.
We next wanted to determine whether the homologous recombination between the hisGrepeats resulted in the predicted genomic structure at the leu1locus ( Figure 2D ). Thus, two independent 5-FOA-resistant, Ura -, Leu -derivatives of each of the transformants described in Figure 3 were subjected to Southern blot analysis to examine the physical structure of the leu1 ∆ 1::hisG locus after removal of ura4 + by homologous recombination. Chromosomal DNA from the parental strain JFP40, a Ura + , Leu -transformant, and ten Ura -, Leu -derivatives were digested with Xba I-Nhe I-Pvu II. The DNA fragments were resolved by agarose gel electrophoresis and transferred to nylon membrane. Hybridization with leu1 + gave the same results as described above for JFP40 and the Ura + , Leu -transformant ( Figure 4A,  lanes 1 and 2) . In addition, all of the Ura -, Leu -derivatives contained a band of 2.5 kb that corresponded to the expected size of the leu1 ∆ 1::hisGallele ( Figure 4A, lanes 3-12) . Reprobing the blot with hisGsequences gave identical results, showing that a single copy of the hisGsequence was inserted at the disrupted leu1 locus ( Figure 4B,   lanes 3-12) .
To determine the frequency at which the ura4 + marker is excised by homologous recombination, quantitative plating experiments were performed with the five independent Ura + , Leu -transformants used for the Southern blot analyses. The transformants were initially streaked on nonselective YEC medium to allow recombination between the hisG repeats, and single colony isolates were quantitatively tested for resistance to 5-FOA. The frequency of 5-FOA resistance was 3-5 × 10 -4 , consistent with the reported frequency of 5-FOA resistance obtained with the hisG-URA3-hisGcassette in S. cerevisiae (1) . Thus, the frequency of recombination between the directly repeated hisG elements of the hisGura4 + -hisGcassette is sufficiently high in fission yeast to allow one to conveniently recover segregants that have lost the ura4 + marker. Also note that none of the Ura -, Leu -derivatives gave rise to Leu + revertants at a detectable frequency (<10 -9 in cultures grown from single colonies).
In these studies, we have demonstrated the use of the hisG-ura4 + -hisG cassette for the disruption of genes in S. pombe . This cassette offers a convenient strategy for generating gene disruptions and recycling of the ura4 + marker. Moreover, we have demonstrated that the frequency of homologous recombination between the hisG repeats is sufficiently high in S. pombe to permit Ura -segregants to be obtained easily by simply streaking the cells on nonselective medium (YEC) and subsequently to 5-FOA medium. Although we have only disrupted a single locus, the hisG-ura4 + -hisGcassette should be useful for generating sequential disruptions by simply recycling the ura4 + marker to create strains that contain multiple disrupted genes. Alternatively, the cassette can be used to generate a gene disruption in a particular strain background, remove the ura4 + marker and subsequently introduce an autonomously replicating plasmid with ura4 + as the selectable marker. The hisG-ura4 + -hisGcassette could also be very beneficial for plasmid shuffle, a technique that is commonly used in S. cerevisiae (17) , but rarely in S. pombe . This methodology allows one to readily isolate conditionally lethal mutations in a gene essential for cell viability. Using the hisG-ura4 + -hisGcassette, yeast strains containing two auxotrophic markers could be utilized for generating a strain suitable for plasmid shuffling. In addition, the leu1 ∆ 1::hisGallele that we have constructed may be useful for investigators that need to introduce an additional non-reverting auxotrophic marker into a particular strain background.
Toh-e (18) and Waddell and Jenkins (20) have recently constructed cassettes for repeated gene disruptions in S. pombe . Toh-e (18) uses the LEU2 marker of S. cerevisiae flanked by directly repeated site-specific recombination sites. Excision of the LEU2gene is accomplished by the use of a site-specific recombinase that is introduced into the cells on a separate plasmid. Although this system is effective, it does require two successive transformation steps: (i) the insertion of the disruption cassette into the target gene and (ii) the elimination of the marker gene by introducing the plasmid encoding the site-specific recombinase. We believe the hisG-ura4 + -hisGcassette may represent a more efficient approach, requiring a single transformation event followed by selection for 5-FOA resistance. The cassette described by Waddell and Jenkins (20) is similar to the one we describe, except that the ura4 + marker is flanked by 350 bp repeats of pBR322 sequence. This cassette appears to function similarly to the hisGura4 + -hisG cassette, except that the frequency of legitimate recombination was lower (21 of 45 with hisG-ura4 + -hisGvs. 1 of 50 with pBR-ura4 + -pBR); however, this may reflect differences in the flanking sequence homology. In addition, it is presently unclear whether the remnants of pBR322 sequence left after the excision of ura4 + might pose a recombination problem when pBR322-based yeast vectors are introduced into the same strain.
